Metalloproteins (MPs) comprise one-third of all known protein structures. This diverse set of proteins contain a plethora of unique inorganic moieties capable of performing chemistry that would otherwise be impossible using only the amino acids found in nature. Most of the well-studied MPs are generally viewed as being very rigid in structure, and it is widely thought that the properties of the metal centers are primarily determined by the small fraction of amino acids that make up the local environment. Here we examine both theoretically and experimentally whether distal regions can influence the metal center in the diabetes drug target mitoNEET. We demonstrate that a loop (L2) 20 Å away from the metal center exerts allosteric control over the cluster binding domain and regulates multiple properties of the metal center. Mutagenesis of L2 results in significant shifts in the redox potential of the [2Fe-2S] cluster and orders of magnitude effects on the rate of [2Fe-2S] cluster transfer to an apo-acceptor protein. These surprising effects occur in the absence of any structural changes. An examination of the native basin dynamics of the protein using all-atom simulations shows that twisting in L2 controls scissoring in the cluster binding domain and results in perturbations to one of the cluster-coordinating histidines. These allosteric effects are in agreement with previous folding simulations that predicted L2 could communicate with residues surrounding the metal center. Our findings suggest that long-range dynamical changes in the protein backbone can have a significant effect on the functional properties of MPs.
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allostery | CISD1 | energy landscape theory | iron-sulfur cluster | protein frustration M etalloproteins (MPs) comprise nearly one-third of all known protein structures and are classified by their unique inorganic moieties. Examples are the copper-containing cupredoxins, iron-sulfur proteins, nickel-containing hydrogenases, and numerous others (1) (2) (3) . The incorporation of metals allows for thousands of new biological catalysts, capable of performing chemistry that would otherwise be impossible using only the amino acids found in nature. The widely held view of MPs is that the properties of the metal centers are primarily dictated by the "inner sphere," which consists of the coordinating ligands and to a lesser extent local residues that can influence both the electrostatic environment, as well as hydrophobic residues that can act like wires and funnel electron density (4) . The redox properties of MPs tend to be influenced by only a small fraction of the amino acids in the protein, generally those directly bonded to, or in close proximity to, the metal center (5). Indeed, it has been shown that the local scaffold of a metallic redox center can by chemically synthesized to mimic the active site of the protein, and in many cases, the electron transfer properties of these metalloproteins can be reproduced and better understood in these simplified ligand environments (4) .
Iron-sulfur (FeS) cluster-containing proteins make up the largest class of MPs and are major players in human health and disease (6) . They play critical roles as electron transfer proteins in processes such as photosynthesis, cellular respiration, nitrogen fixation (7, 8) , and catalysis (1) . The newest member of the FeS cluster protein family, mitoNEET, is a uniquely folded homodimeric [2Fe-2S] protein, with each monomer bearing a single [2Fe-2S] cluster (9) (10) (11) (Fig. 1A) . The clusters are ligated in a rare 3-Cys-1-His coordination sphere (Fig. 1B) , where the single His is critical for function (12, 13) and drug binding (14) . MitoNEET is a target of the thiazolidinedione (TZD) class of anti-type II diabetes drugs and is the first known FeS protein to be targeted by drug binding (15) . We discovered that mitoNEET functions as a cluster transfer protein and can donate its cluster to an apoacceptor protein and into mitochondria under oxidative stress conditions (13) . These stress conditions are commonly found in patients with diabetes (16, 17) . TZD binding blocks cluster transfer in vitro and iron overload in vivo, a condition commonly associated with type II diabetes (13) . An interesting hypothesis is that abrogation of mitochondrial iron overload by treatment of cells with small molecules such as TZDs is a result of changes in mitoNEET's cluster properties and is an active area of inquiry.
We recently used energy landscape theoretical studies to investigate the factors that govern cluster properties in mitoNEET (18, 19) . Briefly, energy landscape theory indicates that proteins fold in a funneled fashion with minimal frustration, with the native state and functional fluctuations occurring toward the bottom of this funnel (20, 21) . Because proteins are active on the same landscape that they fold on (22) , their functional motions may introduce ruggedness in to the folding landscape. For example, functional loop mutations in WW domain proteins speed up folding at the expense of function and in some cases remove the barrier to folding completely (23, 24) . Additionally, energetic frustration in proteins colocalize with cofactor binding sites (25) . Simulations with the β trefoil family of proteins demonstrated that strain in a functionally important β bulge was responsible for the slow folding of the family (26) (27) (28) . Thus, identifying residues that contribute frustration in folding may be an effective way to predict and identify important sites for protein-protein interactions, as well as new binding regions for potential drug targets. (18) . In our current study, we test this hypothesis by experimentally introducing perturbations into this distal loop (Fig. 1A) and analyze the properties of the [2Fe-2S] cluster. Point mutations and insertion of new residues in L2 significantly reduce cluster stability and can accelerate mitoNEET cluster transfer to apo-acceptor proteins by a factor of 15-fold. These perturbations in L2 also shift the redox potential by up to ∼60 mV, indicating that long-range effects regulate cluster stability, cluster transfer, and electron transfer potential in this system. A common interpretation of these results would be that mutation alters the structure of the protein, especially the cluster-binding region. Strikingly, the crystal structures of the mutant proteins show no changes in overall fold or in the cluster-binding domain. The only difference observed is in a single mutant protein with the necessary elongation of the distal loop on insertion mutagenesis. Taken together with native-basin simulations, we suggest correlated motions between L2 and the protein scaffold provide distal allosteric control of the [2Fe-2S] cluster making L2 an interesting site for targeting with drug design.
Results
Perturbations in the L2 Region Induce Long-Range Changes in the Redox Potential of MitoNEET's [2Fe-2S] Cluster. Mutagenesis of several residues in the L2 region (Fig. 1A , blue spheres) led to significant changes in the redox potential (E M,7 ) of the protein's cluster (Fig. 1C) . We used optical spectroelectrochemical titrations (32) to measure redox potentials of various L2 mutants. We mutated Met62 and Asp67 to Gly to relax L2 and allow greater flexibility in the β cap domain. These M62G and D67G mutants showed E M,7 decreases of −12 and −14 mV, respectively, from the WT E M,7 value of +26 ± 3 mV (32). Importantly, these shifts are ionic strength independent suggesting that factors other than electrostatics control the redox properties. Therefore, we introduced an aromatic group in the L2 region that would potentially stabilize L2 with increased hydrophobic packing between protomers. We found that this mutation induced an even greater shift in E M,7 value, which is 28 mV less than WT. We also found that reducing flexibility of residue 66 by replacing Gly with Ala (G66A) shifted the E M,7 ∼ −25 mV. The G66A/D67A double mutant was designed to increase the helicity of the L2 region and interestingly led to the largest E M,7 shift from the WT protein of ∼44 mV (−18 ± 3 mV for G66A/D67A compared with +26 ± 3 mV). Finally, opposite changes in E M,7 were induced by the choice of residue inserted at position 68 in the amino acid sequence. Insertion of alanine (A68 insert) led to a positive increase in the E M,7 value to +43 ± 7 mV. Alanine is known to be a helix maker, and as a result, we wanted to determine whether the insertion of a helix breaker, such as threonine, would induce similar or opposite changes in the E M, 7 . We found that insertion of threonine (T68 insert) caused a decrease in E M,7 to a new value of −5 ± 4 mV, which is 31 mV less than the WT. These long-range redox changes are observed despite the fact that the mutated residues are between 18 and 26 Å away from the [2Fe-2S] cluster, as measured both intraprotomer and interprotomer. To test whether mutagenesis of any region of the protein is capable of resulting in redox changes, we introduced two additional mutations as controls: K55R and H58D. In both cases, the shift in redox potential is <5 mV, despite the fact that these mutations are 7.5 and 9.7 Å away from the [2Fe-2S] cluster, respectively (Fig. 1) . Taken together, our results show that residues in the L2 region (Fig. 1A , shown in blue) can communicate with the distally located cluster binding region of the protein and change cluster redox properties.
L2 Region Strongly Influences the Cluster Transfer Function of
MitoNEET and the Innate Stability of Its [2Fe-2S] Cluster. We discovered that mitoNEET functions as a [2Fe-2S] cluster transfer protein (13) . Having shown that allosteric changes in the L2 region are able to affect redox properties (Fig. 1) , we hypothesized that L2 may also play an important role in cluster transfer. Both the M62G and L65F show significant increases in cluster transfer ( Fig. 2A ) compared with that observed for the WT protein. The largest shift was seen in the M62G mutant, which transferred over 10-fold faster than the WT (Fig. 2A) . Conversely, cluster transfer is slowed in the G66A, D67G, and G66A/D67A mutant proteins. Finally, both the A68 and T68 insertion mutations showed very similar transfer rates to one another ( Fig. 2A) , even though they induce opposite shifts in E M,7 (Fig. 1C) . We conclude that the L2 region is able to dramatically affect protein function through allosteric effects on the distal [2Fe-2S] clusters. In addition to cluster transfer, the [2Fe-2S] cluster in mitoNEET may be important for binding to other proteins and small molecule effectors. Besides inhibiting cluster transfer, TZDs are known to stabilize mitoNEET's cluster against release (9) . As mitoNEET's cluster stability is dramatically affected by drug binding (9) , it is also important to examine the effect that L2 mutants have on cluster stability. We assayed our loop mutants for cluster stability by monitoring loss of the mitoNEET's 458-nm absorbance peak over time as described previously. We found that all L2 mutations caused lower stability in the [2Fe-2S] cluster (Fig. 2B) . However, cluster transfer rates do not correlate with cluster stability, indicating that allosteric effects can influence interactions important for cluster transfer and protein stability, although these two effects are independent of one another. Fig. 2 also includes data for the K55R and the H58D mutations, which show no change in either cluster transfer rates or cluster stability from WT. We summarized our findings on the influence of L2 residues for redox potential, cluster transfer, and cluster stability in Table S1 .
Structural Integrity of the Protein Is Maintained on L2 Mutation. To determine whether the L2 mutation effects on cluster properties were the result of conformational rearrangements in the protein, we initiated structural analyses and subsequently obtained crystal structures for the G66A/D67A, A68 insert, M62G, and D67G mutant proteins and compared them to the WT structure (9-11) (Fig. 3) (Table S2) . Overall, the entire structural fold remains intact on mutation in L2. In all cases, the cluster-binding domain of the mutant protein is superimposable with that of the WT protein (Fig. 3 A and B) . Only small local changes are observed in the L2 region as a result of the necessary accommodation on insertion of a residue between residues 67 and 68 to make the A68 insertion (Fig. S1) . The D67G mutation crystallized with a completely different set of crystal packing interactions, suggesting that the lack of conformational changes is not a result of crystal packing forces. For example, in the D67G structure, a packing interaction exists between Lys68 and Asp64; however, this packing interaction is not observed in the WT structure. Therefore, mito-NEET is well folded and robust to mutation. We also measured the optical spectrum of the L2 mutants to probe for possible cluster binding changes in the proteins that were not crystallized. We found that all seven L2 mutants have absorption spectra identical to that observed for WT (Fig. 3C) . The similarity of the spectra is important as we have found that replacement of the cluster-coordinating His87 ligand led to noticeable changes in the visible region (12, 33) (Fig. S2 ) and also that mutations that affected the pK a of His87, namely Lys55, led to small but measureable optical shifts of ∼3 nm near the signature 458-nm absorption peak (32) . The absence of any spectral shifts taken together with crystallographic analyses indicates that mutations do not alter the overall fold or the cluster binding environment.
All-Atom Simulations Demonstrate Communication Between L2 and
the Cluster-Coordinating Histidine. To probe possible mechanisms of cluster property regulation, we investigated the fluctuations of the WT protein in the native basin with SBM simulations. These models are based on energy landscape theory (21) and accurately describe the native state ensemble fluctuations of many systems (31, (34) (35) (36) (37) (38) . We performed simulations with an all-atom SBM with interactions present in the crystal structure as stabilizing, and with one energetic basin describing the folded state. To examine possible mechanisms whereby distal regions exert control over the [2Fe-2S] cluster, we examined the motions within the native basin and plotted correlated motions in a covariance matrix (Fig. S3) . The covariance matrix is overlaid with a contact map of the protein in black squares for clarity. Regions of correlated motions are plotted in red, circled, and mapped onto the protein to designate intra- (Fig. S3 A and C) and interprotomer ( Fig. S3 B and D) covariance.
The distribution of correlated motions on the protein shows that the L2 region is motionally coupled to regions on the opposite end of the protein. Aside from residues that are in direct contact with each other, regions toward the center of the protein show little correlated motion. To further characterize these motions, we use principle component analysis to extract the large-scale collective motions from the trajectory. The collective motions of the Cα atoms for the first eigenvector are plotted in Fig. 4 with 10 superimposed frames from a movie of the first eigenvector. The initial starting frame is colored white, with each subsequent frame moving from white to red for protomer A and white to blue for protomer B. From the top view, the protein exhibits a torsional motion with L2 A and L2 B twisting together at the top of the β cap domain in the foreground and the clusterbinding domain moving in the opposite direction in the background (Fig. 4A) . The side view of the protein (Fig. 4B) shows that the twisting of the β cap domain results in scissoring in the cluster binding domain, where α1 A and L1 B move together opposite of α1 B and L1 A . Interestingly, the [2Fe-2S] clusters appear to be a pivot point for these motions, so that the entire protein rearranges around the cluster-binding region. Much of the cluster-coordinating pocket, including the coordinating cysteines, exhibit little motion relative to the rest of the protein; however, the Cα atom for the coordinating histidine exhibits a much larger range of motion (Fig. 4C) . Because the coordinating histidine is positioned at the bottom of α1, it scissors with α1 away from the cluster-coordinating pocket in response to twisting in L2.
Discussion
In conventional systems, the properties of metalloproteins are controlled by local ligand environment. Complex biological systems include an additional control involving the use of strain to exert long-range coupling (27, 39) . A simple analogy for this type of control is a clothes pin, where a strained spring is necessary for regulating clasp and release. Pinching a clothes pin at one end rearranges everything around a central pivot point and induces the largest motions at the opposite end of the structure. In mitoNEET, twisting or "pinching" of L2 triggers scissoring at the bottom of the cluster binding domain, so that α1 A and L1 B scissor against α1 B and L1 A. The [2Fe-2S] cluster is positioned at the pivot point of these motions, and much of the cluster-binding pocket, including the cluster-coordinating cysteines, exhibits little motion. However, twisting of L2 causes the entire protein to rearrange around the metal center and results in the coordinating histidine swinging away from the metal center (Fig. 4) . Mutations that alter the flexibility, or expand or collapse L2, may alter the degree to which the coordinating histidine moves. This rearrangement of the protein backbone (Fig. 4 A and B) , especially at the coordinating histidine (Fig. 4C) , may account for the measured redox shifts and more importantly the order of magnitude increase in the rate of cluster transfer to an apoacceptor protein (Fig. 1) .
A protein undergoing such hinging motions may move through energetically less favorable states. It has been proposed that partially unfolded states may compete energetically with some of these higher energy states, relieving strain (34) . This local unfolding, or cracking (34) , is important for the activity for many proteins, and indeed there are cases where the addition of denaturant can speed up enzymatic activity (40) (41) (42) . In mitoNEET, cracking may be an essential part of the cluster transfer mechanism. An apo-acceptor protein could pinch L2, which would result in displacement of residues in α1 and L1 in the cluster binding domain (Fig. 4) . This displacement could create strain on the protein, causing it to "crack" open and increase accessibility of the metal center, which may lead to decreased cluster stability or enhanced cluster transfer. However, it is important to note that cluster stability and transfer efficiency are not necessarily linked (13) . In the present studies, all L2 mutations increase cluster decay rates. However, not all mutations speed up cluster transfer. Mutations to residues 62, 65, and 68 all increase cluster transfer (Fig. 2A) ; however, mutations to residues 66 and 67 slow down cluster transfer despite being destabilizing, suggesting different mechanisms governing cluster stability vs. transfer. One hypothesis for this is that all mutations increase cracking in L1 and α1 and thus increase decay rate; however, residues 66 and 67 may be important for the binding interaction with apo-acceptor proteins. The largely negative charge on the surface of the β cap may be a docking site for a mitoNEET protein partner, and judging by the major functional effects that perturbation of the L2 region indeed has on its cluster properties, we postulate that this is likely the case.
Conclusions
We used a combination of experimental techniques and structure-based simulations to test the hypothesis that a distal loop in mitoNEET acts as regulatory control region for the [2Fe-2S] cluster (19) . Mutagenesis to L2 results in significant destabilization of the [2Fe-2S] cluster and can either abrogate or accelerate cluster transfer by a factor of up to 15-fold. Additionally, these perturbations to L2 20 Å from the 2Fe-2S cluster result in significant shifts in redox potential, thus demonstrating that the L2 region is able to distally regulate functional properties of the protein found in the cluster-binding domain. As the most dramatic mutations do not involve charged amino acids, the observed shifts in redox potential over the 20-Å distance cannot be caused by electrostatic effects. Crystal structures obtained for several mutants show that the cluster-binding domains of the mutant proteins are superimposable with that of the WT protein, indicating that these effects are also not the result of a long-range conformational change. Using structure-based simulations, we propose a mechanism of communication in which twisting in L2 triggers scissoring in the cluster-binding domain and results in displacement of the coordinating histidine. This long-range allosteric control of the metal center suggests that many other MPs may in fact require full use of their uniquely evolved scaffolds to perform complex biological tasks. Taken together, this work provides a foundation for investigating how metal centers in metalloproteins are influenced by the global motions and expands our understanding beyond the control of simple electron transfer by distal mutations (43) . This approach is critical for designing new therapeutics for targeting this class of [2Fe-2S] proteins, as well as de novo design of new metalloproteins (44, 45) .
Methods
Protein Expression and Purification. Overexpression and purification of the soluble fragment of mitoNEET (amino acids 33-108) and L2 mutants were performed as outlined previously (13) . Purification of apo-ferredoxin was performed as outlined previously (46) .
Cluster Transfer Kinetics, Potentiometric Redox Titrations, and Cluster Stability Measurements. All UV-visible absorption spectra were measured from the near UV to the near IR (300-800 nm) on a Cary50 spectrophotometer (Varian) equipped with a temperature-controlled cell.
Cluster transfer experiments were performed similarly to previous reports (13) . Cluster transfer experiments were performed aerobically at 37°C at pH 8.0 using 100 μM mitoNEET or L2 mutants and 100 μM apo-ferredoxin in 50 mM Bis-Tris and 100 mM NaCl. The samples were covered with mineral oil (Hampton Research) to prevent losses caused by evaporation. Transfer rates were obtained by following the 423 nm/458 nm ratio corresponding to loss of the mitoNEET 458-nm peak and emergence of the holo-ferredoxin 423-nm peak with time as described previously (13) . Data were fit to a single exponential rise, and initial transfer rates were determined by taking the slope of the exponential fit after the first 15 min.
Optical potentiometric redox titrations were performed as outlined previously (32) . Briefly, experiments were performed anaerobically at 25°C under an argon atmosphere using 50 μM mitoNEET or L2 mutants in 100 mM Bis-Tris and 100 mM NaCl in the presence of mediators to facilitate efficient electron transfer between the protein and Ag/AgCl reference electrode (Microelectrodes). Sodium dithionite (Sigma-Aldrich) was titrated in via syringe to reduce the [2Fe-2S] clusters. After mitoNEET was fully reduced, the protein was reoxidized by titrating in 10 μL of fixed aliquots of ambient oxygen. Optical scans (300-800 nm) were performed following each addition of dithionite or oxygen. Optical potentiometric redox titration data were fit to the Nernst equation as described previously (32) .
Cluster stability measurements were performed aerobically at 37°C. Cluster loss was measured over time as a decrease in absorbance at 458 nm. Studies were performed using varying concentrations of mitoNEET and mutants in 100 mM Bis-Tris and 100 mM NaCl at pH 7.0.
Details on crystallization, X-ray data collection, and refinement are provided in SI Text and Table S2 . The atomic coordinates of the L2 mutants have been deposited in the Protein Data Bank. The A68 insert was deposited under PDB ID code 4EZF, the M62G was deposited under PDB ID code 4F28, the G66A/D67A mutant was deposited under PDB ID code 4F2C, and the D67G mutant was deposited under PDB ID code 4F1E.
All-Atom Simulations. The structure-based models in Gromacs (SMOG) Web tool (http://smog-server.org) (47) was used to generate an all-atom structurebased force field from the crystal structure of mitoNEET stored in PDB ID code 2QH7 (9) . The shadow algorithm was used to identify native contacts (48) . Simulations were performed using version 4.0.5 of the Groningen Machine for Chemical Simulations (GROMACS) software package (49) . The integrator used was stochastic dynamics. The time step τ was 0.0005. Each protomer was temperature coupled separately.
